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ABSTRACT 
Electrospinning of biocompatible, biodegradable materials is a promising approach to 
developing scaffolds for tissue engineering; however, current electrospinning methods cannot 
produce complex microgeometries and microarchitectures. Deliberate alignment among fibers in 
vitro or in vivo in tissue is essential for grow. Aligning electrospun nanofibers as part of an in 
vitro engineered scaffold holds great potential for replacement therapy of injured tissues. Using 
the meniscus as a model, we designed methods and an apparatus to produce a three-dimensional 
electrospun scaffolds with controlled alignment. Our results show that fibers can be easily 
collected as radial sheets, but the data was inconclusive as to whether circumferential bundles 
can be produced by the proposed methods. 
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EXECUTIVE SUMMARY 
This report proposes a method for collecting aligned, electrospun nanofibers in an 
architecture analogous to native human menisci. The proposed techniques can potentially be 
utilized for the creation of a highly customizable, off-the-shelf, relatively low-cost tissue-
engineering scaffold. Such a design could satisfy a great need for improving treatments available 
to patients with meniscal deficiencies. Damage to the meniscus commonly accompanies other 
knee injuries, especially when powerful twisting or bending occurs. However, due to the 
anatomy of the meniscus, it does not heal after injury as well as other components of the knee. 
This is especially true for the inner two-thirds of menisci where limited blood supply and 
vasculature prevent healing. Current treatments for severe meniscal injuries begin with the 
partial or total removal of the meniscus, a procedure known as a meniscectomy. While it is 
possible to carry on after a meniscectomy, patients face severe complications later in life such as 
osteoarthritis without this important tissue intact. Often, a meniscal allograft transplant (MAT) is 
performed, but the procedure requires a cadaver donor whose meniscus is a close anatomical 
match to the patient’s. Furthermore, MATs often result in additional operations and could cause 
an immune response or rejection of tissue by the patient.    
Several different types of cells compose menisci, and scaffold architecture influences 
their growth and formation. The inner “white zone” of a meniscus is home to round cells similar 
to fibrochondrocytes whereas oval-shaped fibroblasts occupy the outer “red zone.” A third type 
of cell is located in the superficial zone. Though their purpose is unknown, these flat cells might 
play a role in tissue regeneration. A successful scaffold will accommodate the needs of each cell 
type in their respective region(s), as well as establish the overall architecture of cells and the 
extracellular matrix necessary to maintain functionality. 
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Ultimately, the challenge issued to our team was: Provide a proof-of-concept that a 
three-dimensional scaffold suitable for autographic meniscal replacement can be made with 
engineered, aligned microgeometries and micro architectures. From this statement, we identified 
four design objectives. The first was to produce sample scaffolds showing fiber alignment 
similar to the collagen fiber network in a human meniscus. The second was to design the sample 
scaffolds with such materials that they could be used in cell culture experiments and eventually 
as implanted devices in the knee. The third objective was to optimize the scaffold geometry for 
cell growth. And finally, the last objective was to allow for customization between scaffolds. 
We chose electrospinning as the means by which to construct sample scaffolds. 
Electrospinning can be used to create nanofibers from a wide variety of materials, but 
electrospun fibers form in randomly-aligned, nonwoven mats when collected a flat, stationary 
surface. Interestingly, there are several scenarios in which electrospun fibers will collect with 
anisotropic alignment. While these principles are fairly well-documented in the literature, little 
work has been published describing the creation of compound or complex geometries.[1-7]  
Beyond that, electrospinning was an attractive technique because the equipment was readily 
available, nanofibers produce structures with high surface-area-to-volume ratios which facilitate 
cell adhesion, and the large network of inter-connected pores allows for cells and nutrients to 
move through the three-dimensional structure. 
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CHAPTER 1: INTRODUCTION 
There is a clinical need for improvement in the treatment of patients with meniscal 
deficiencies. In 2011, there were almost 60,000 meniscus repair or meniscectomy surgeries in the 
United States [8, 9].  While damage to the meniscus is a common issue in knee injuries and 
affects people of all age groups and activity levels, young athletes and adults between the ages of 
50 and 75 make up a disproportionate subset of the population who undergo surgery to repair 
damaged menisci [10]. Since injuries to meniscus and other fibrocartilage fails to heal 
spontaneously, this leads to billions of dollars annually in health care expenses just in the United 
States [11]. Injuries to the meniscus become more frequent with age because the tissue loses 
elasticity and becomes more porous [10]. Regardless of age, meniscal damage typically occurs 
when there is forceful twisting accompanied with bending of the knee while force is applied. 
This type of load in the knee is common when planting the foot to change directions, such as in 
sports-related activities [12]. In many cases, damage to the meniscus is too severe to repair and a 
partial or total meniscectomy, which is a removal of meniscal tissue, is necessary to alleviate the 
patient’s pain and return them to a high quality of life [12]. Unfortunately, the absence of 
meniscal tissue leaves forces in the knee inadequately damped and can lead to complications 
later in life, especially for young patients. These complications include osteoarthritis and can 
ultimately necessitate in a total knee replacement. After a meniscectomy, options for an artificial 
meniscal transplant are poorly developed as-of-yet, and Meniscal Allograft Transplant (MAT) 
results in a second operation for 36% of patients who qualify for the treatment in the first place 
[13]. 
The anatomy and physiology of the meniscus contribute to the difficulty of treating 
meniscal injuries. While the outer layers of menisci are vascularized and capable of healing, the 
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inner regions receive no blood flow and do not heal after injury. As a result, there is an 
increasing need for artificial bioscaffolds suitable for the in vivo production of a complete, 
artificial or resorbable meniscus that will effectively replace a native meniscus. To complicate 
the matter, there are two zones of cell growth in menisci. In the superficial and outermost layers, 
the cells are an elongated fibroblastic type, whereas the cells located on the inner parts of the 
meniscus are rounded and chondrocytic [14]. In order to be a viable treatment option, a 
replacement tissue-engineered scaffold must support the proliferation of these cell types, each in 
their respective zones. 
Depending on the severity of meniscal injury, several imperfect treatment options exist. 
First, if damage is somewhat minor and contained to the outer, vascularized region, the meniscus 
can be repaired by suturing together any tears. Unfortunately, damage often extends too deep 
into the avascular region for this approach to be effective, or the tears are too large to repair [15]. 
If repairs are not possible, a partial or total meniscectomy is carried out. In this case, either the 
patient is left without the cartilaginous tissue required for proper function of the knee joint, or 
artificial or allogeneic transplants can be used to compensate for the removed tissue. Most often, 
the preferred treatment option is a MAT; however, the efficacy of this procedure is limited by 
several factors. It is difficult to qualify for a MAT as several stringent criteria must be met 
including age and a suitable knee anatomy [13]. Additionally, a MAT requires a donor whose 
meniscus is  biocompatible with the patient [13]. Some challenges associated with allografts are 
allograft availability, pathogen transmission, immune rejection by the patient, and anatomical 
mismatch of the implant [9]. 
A resorbable scaffold, seeded with cells from the patient or integrated with human growth 
factors which induce stem cell movement to the tissue, could serve as the foundation for an 
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autograft and fill the need for an effective treatment of meniscal deficiencies or injuries. To be 
effective, several criteria must be met. First, the scaffold must have the same architecture and 
microgeometries as a native meniscus to effectively recreate the mechanical properties needed to 
withstand the forces in the knee. Second, the materials used and their decomposition products 
must be biocompatible with the surrounding environment of the knee as well as the entire 
physiology of the patient. Third, the scaffold should promote ample tissue formation, cell 
seeding, and cellular development. Last, there should be a means to customize the shape and 
structure of the scaffold to satisfy individual patients’ needs. 
Of the several possible methods for creating tissue-engineered scaffolds, electrospinning 
is a promising option. Electrospinning is a well-developed process for creating randomly 
oriented, non-woven, nanofiber meshes. Under the appropriate conditions, fiber diameters are 
controllable and the resulting mat has a high surface-area to volume ratio. There are several 
instances in the literature of modifications to the standard flat, stationary collection plate which 
produced anisotropically aligned fibers [6, 16, 17]. We considered several avenues of adapting 
these methods to create a three-dimensional scaffold with an aligned, engineered 
microarchitecture to provide a proof-of-concept of a scaffold suitable for meniscal autograft. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Meniscus Anatomy 
The menisci are crescent-shaped wedges of fibrocartilage located on the tibial plateau. 
The meniscus is a dense extracellular matrix (ECM) 72% of its weight coming from water, 22% from 
collagen, and the remaining weight from cells [9]. Proteoglycans, noncollagenous proteins, and 
glycoproteins account for the remaining dry weight. Meniscal cells synthesize and maintain the ECM 
which determines the mechanical properties of the tissue. The menisci are triangular in cross 
section and cover one-third to two-thirds of the tibial plateau surface. As shown in Figure 1, the 
meniscal horns attach the menisci to the subchondral bone of the tibial plateau. The anterior horn 
of the medial meniscus attaches to the intercondylar  region of the tibial plateau near the 
intercondylar fossa anterior to the anterior cruciate ligament (ACL) [18]. The posterior horn is 
attached to the intersection site of the posterior intercondylar fossa of the tibia between the lateral 
meniscus and the posterior cruciate ligament (PCL). The lateral meniscus' anterior horn attaches to 
the front of the tibia intercondylar, while the posterior horn attached between the intersection of 
the posterior cruciate ligament (PCL) and the posterior horn of the medial meniscus. The outer 
edge of the meniscus, which is called the red zone, is thick and convex in shape and attached to 
the knee joint capsule. The inner edge of the meniscus, called the white zone, is concave in 
shape, thin, and not attached to any parts of the knee [9]. The medial meniscus is “C”-shaped and 
covers approximately 60% of the articular surface. The posterior horn is much wider than its 
anterior horn. The lateral meniscus is circular in shape compared to the medial meniscus. The 
lateral meniscus also occupies about 80% of the articular surface. The tibial portion of the capsular 
attachment is the coronary ligament [9]. At its midpoint, the medial meniscus is more firmly attached 
to the femur through a condensation in the joint capsule known as the deep medial collateral ligament 
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[9]. The transverse, or “intermeniscal,” ligament is a fibrous band of tissue that connects the anterior 
horn of the medial meniscus to the anterior horn of the lateral meniscus [9]. 
 
Figure 1: Knee Anatomy Diagram 
Several different types of cells compose menisci. Human menisci contain elongated 
fibroblast-like cells, polygonal cells, and small round chondrocyte-like cells [14]. The inner 
“white zone” of a meniscus is home to round cells similar to fibrochondrocytes whereas oval-
shaped, elongated fibroblasts occupy the outer “red zone.” These cells are referred to as 
fibrochondrocytes because they appear to be a mixture of fibroblasts and chondrocytes [9]. A third 
type of cell, known as polygonal cells, is located in the superficial zone [14]. Though their 
purpose is unknown, these flat, fibroblast-like cells might play a role in tissue regeneration. 
According to Fox et al., "Both cell types contain abundant endoplasmic reticulum and Golgi 
complex. Mitochondria are only occasionally visualized, suggesting that the major pathway for 
energy production of fibrochondrocytes in their avascular milieu is probably anaerobic glycolysis." 
Fox et al. also pointed out that "large hydraulic pressures are required to overcome the drag of 
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frictional resistance of forcing fluid flow through meniscal tissue," which influence the viscoelastic 
properties of the tissue [9].   
The meniscus is mostly an avascular structure. Figure 2 shows how the branches of the 
popliteal artery, which are the medial, lateral, and middle geniculate arteries, provide the major 
vascularization to the inferior and superior aspects of each meniscus [9]. The blood supply is 
limited to only about 25% for the lateral meniscus and 30% for the medial meniscus, which is a 
major factor for healing.  
 
Figure 2: Vascularization and Cell Population of Meniscus [9]9￼]] 
2.2 Function of the Meniscus 
The functions of the meniscus are directly related to its cellular composition, structure 
and dimensions. The main functions of the meniscus include load transmission, shock 
absorption, stability, proper weight distribution through the femur to the tibia, joint nutrition, 
joint lubrication, protection of the tibia femur and patella joint connection, and proprioception. 
They also serve to decrease contact stresses and increase contact area and congruity of the knee. 
According to Fox et al., several studies have reported that various intra-articular components of the 
knee are sensate, capable of generating neurosensory signals that reach spinal, cerebellar, and higher 
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central nervous system levels. The perception of joint motion and position is mediated by 
mechanoreceptors that transduce mechanical deformation into electric neural signals 
Mechanoreceptors have been identified in the anterior and posterior horns of the menisci. The 
identification of these neural elements, which are located mostly in the middle and outer third of the 
meniscus, indicate that the menisci are capable of detecting proprioceptive information in the knee 
joint and play an important afferent role in the sensory feedback mechanism of the knee [9]. 
The characteristic shape of the lateral and medial meniscus is formed between the 8th and 
10th week of gestation. They arise from a condensation of the intermediate layer of mesenchymal 
tissue to form attachments to the surrounding joint capsule. The developing fetal menisci are highly 
cellular and vascular, with the blood supply entering from the periphery and extending through the 
entire width of the menisci. As the fetus continues to develop, there is a gradual decrease in the 
cellularity of the menisci with a concomitant increase in the collagen content in a circumferential 
arrangement. Joint motion and the postnatal stress of weight bearing are important factors in 
determining the orientation of collagen fibers. By adulthood, only the peripheral 10% to 30% of 
meniscal tissue receives blood supply. 
In the presence of axial forces, menisci are compressed and produce circumferential hoop 
stress. Hoop stress is the result of conversion from vertical compressive force into tensile strain 
though the circumferential collagen fibers that makes up the meniscus. According to Fox et al., 
previous biomedical studies have shown that about 40-60% of the load exerted onto the knee 
joint is transmitted to the meniscus. Specifically, 65-70% of the load is transmitted to the lateral 
meniscus and 40-50% to the medial meniscus. When in flexion, the meniscus can bear up to 90% 
of the load on the knee. Due to the tapering shape of the meniscus, the load is transmitted away 
from the femoral condyles toward the tibial plateau. Radially oriented tie fibers are also present in 
the deep (white-white) zone and are interspersed or woven between the circumferential fibers to 
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provide structural integrity [9]. In Figure 3, the cross section of a meniscus shows how the 
circumferentially and radially aligned fibers intersect. 
 
Figure 3:Cross-section of a meniscus showing collagen fiber ultrastructure and orientation of circumferential and radially 
aligned fibers. 1: superficial network; 2: lamellar layer; 3: central main layer. The arrowheads represent radial interwoven 
fibers; arrows, loose connective tissue [19] 
 
 Collagen fiber ECM, which makes up about 75% of the dry weight of the meniscus, is 
responsible for the meniscal tensile strength [9]. Fibronectin proteins contribute greater than 13% 
of the meniscal dry weight. Fibronectin is involved in many cellular processes, including tissue 
repair, blood clotting, and cell migration and adhesion as well as other important processes. 
Aggrecan is a proteoglycan found in high levels in menisci that is largely responsible for their 
viscoelastic compressive properties. Below, Figure 4 illustrates the forces applied to the meniscus 
while under applied load.  
Gross examination of the meniscus tissue reveals a lubricated, smooth tissue. Voloshin 
and Wosk studied the shock absorbance of the meniscus by measuring vibrations in the tibia 
during gait. In their study they were able to prove that the normal knee has a shock-absorbing 
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capacity about 20% higher than knees that have undergone meniscectomy [20]. The concave shape 
of each meniscus allows the femoral condyles to sit within the menisci, and enables effective 
articulation of the joint. The firm attachment of the medial meniscus allows more stability in the 
 
Figure 4: Free Body Diagram of Forces Acting on a Meniscus [9] 
knee, but reduced mobility also results in more frequent injury. Fox et al. found in a series of 
studies that the coefficient of friction in the knee joint is increased by 20% following a 
meniscectomy. The meniscus circulates synovial fluid into the articular cartilage during loading, 
thereby providing the joint with nutrition. The meniscus may also serve as a proprioceptive 
organ with the presence of mechanoreceptors in the anterior and posterior horns. In other words, 
the meniscus can provide feedback to the brain on joint position and other mechanical 
information. The high fixed-charge density, charge-charge repulsion forces, and proteoglycans in 
the extracellular matrix are responsible for hydration and provide the tissue with a high capacity 
to resist compressive loads [9]. 
 The anatomy of the meniscus is essential to its mechanical properties. The crescent and 
concave shape allow the femur to stay aligned during knee rotation over the lower leg. Its 
complex network of radially and circumferentially aligned fibers can convert compressive forces 
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into tensile (hoop stress) forces. Not only does the meniscus convert the compressive forces into 
to hoop stress, but it is able to withstand large compressive forces due to its viscoelastic 
properties. When creating a meniscus scaffold it is important to mimic the native fiber alignment 
to have it mechanically behave the same as a natural meniscus. A scaffold that can recreate these 
properties will increase is longevity and efficiency in the patient.  
2.3 Types of Meniscal Injuries & Risk Levels 
A meniscus tear is one of the more common knee injuries, somewhere between 60 and 70 
people out of 100,000 will experience one [9]. Males between aged 21 to 30 years and females 
aged 11 to 20 years are the most common ages that experience a meniscal tear. Meniscal tears 
occur when the foot is planted and the upper body/knee is twisted, causing the lower leg to twist 
separately of the upper leg [9]. Meniscus tears are classified by the location, depth, and direction 
of the tear. 
2.3.1 Vertical Longitudinal Tears 
A tear that is parallel with the long axis of the meniscus is known as a vertical tear. 
Vertical tears commonly occur in individuals between 21 and 30. These tears are seen along with 
ACL tears and in isolated single cases [12].  Vertical tears do not affect the ability of the 
meniscus to convert compressive forces to tensile forces, they can be fixed with a simple suture.  
2.3.2 Radial Tears 
Radial tears occur perpendicular to the tibial plateau and the long axis of the meniscus. 
These tears are commonly found in young men age 11 to 20 and older women ages 50 to 70 [9]. 
Radial tears are very common during an ACL tear since the posterior horn of the meniscus 
attaches near the ACL. A radial tear does affect the biomechanical properties of the meniscus, 
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Radial tears are frequently across the entire width of the meniscus, which means simple sutures 
will not fix it.  
2.3.3 Horizontal Tears 
Horizontal tears are tears parallel to the tibial plateau, occurring in men 30 to 50 and 
older woman 50 to 60 [9]. This type of tear van be very painful, continued use of the knee can 
cause the tear to get larger and eventually tear pieces of the meniscus away. The torn away 
pieces of the meniscus can work their way into different areas of the knee causing locking and 
pain within the knee. The only treatment for horizontal tears is partial meniscectomy. 
2.3.4 Complex Tears 
Complex tears are combinations of two or more types of tears and account for nearly 
30% of all cases [9]. Complex tears can be in different regions of the meniscus being difficult to 
heal on their own. With little healing ability, most complex tears need more complex surgeries 
other than basic sutures.  
2.3.5 Bucket-handle Tears 
A bucket-handle tear is a vertical tear with longitudinal extension toward the anterior 
horn in which the inner fragment that is torn flips insides towards the center of the knee.  [9]. A 
bucket-handle tear can vary in sizes, anywhere from a 1 cm portion to the entire meniscus.   
2.4 Injury Treatment 
2.4.1 Meniscal Repair 
Standard medical practice is to repair the meniscus to improve support and prevent 
further meniscal injuries. First, surgeons remove any loose or frayed pieces of the meniscus; a 
rasp is used to define the meniscus edge. This procedure works best on longitudinal tears less 
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than 3 cm in length and in the peripheral zone of the meniscus. Any torn remnants of the 
meniscus, radial tears, or degenerative tears are not repaired.  Surgeons can expect greater than a 
90% clinical success rate with meniscal repair in conjunction with an ACL reconstruction when 
the damage to the meniscus is related to an ACL injury[9]. Fox et al. observed that an ACL 
reconstruction with a meniscal repair results in heals better because of the intra-articular bleeding 
from the surgery. 
There are two suture methods for repairing menisci: the inside-out and the outside-in 
techniques. The inside-out technique is when a suture needle is passed through either side of the 
tear and passed out of the joint capsule. The outside-in technique follows the opposite path. The 
cheif risk of either technique is the potential for neurovascular injury and difficulty reaching the 
anterior section of the menisci. Newer techniques such as arthroscopic meniscal repair add 
anchors outside of the joint and incorporate sliding knots which can be tensioned by the surgeon 
for secure tear repair. Normal recovery from these repair methods is usually about four months 
[9]. 
2.4.2 Meniscal Allograft Transplantation 
MAT’s are performed on patients who have undergone a partial or total meniscectomy. 
Per Fox et al., patients who develop pain and swelling due to early degenerative changes such as 
moderate-to-severe arthritis after a meniscectomy are the most likely candidates for this 
procedure [9]. Although knee pain can be greatly reduced by this procedure, many of these 
patients receive recommendations to refrain from high-impact sports and to participate in 
physical therapy. The recovery time for MAT is about six months. Drawbacks of MAT include 
the limited number of allografts, high cost to the patient, imperfect tissue sizing, and the 
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difficulty of sterilizing and preserving the graft transplant. There is currently no meniscus 
transplant that completely stops the progression of osteoarthritis. 
2.4.3 Synthetic Implants 
Synthetic scaffolds are emerging as viable tools for improving meniscal repairs. One such 
product, the Menaflex Collagen Meniscal Implant, is currently being used in clinical studies 
outside of the United States. The function of these scaffolds is to allow in-growth of meniscal 
tissue and thereby create a partially regenerated meniscus. The Menaflex scaffold is composed of 
collagen taken from Achilles tendons. The scaffold is sponge-like with pores ranging from 75 to 
400 microns which support nutrient transport. One drawback to this product is that it uses the 
natural posterior and anterior horns as attachment points and requires that they be intact; patients 
with damaged horns are not eligible for the treatment. 
The largest challenges to the success of versatile meniscus implants are achieving the 
correct material properties and surface characteristics as well as fixing the implant without 
introducing modulus mismatch. As discussed by Fox et al, the materials must be able to 
withstand the compressive and tensile forces experienced by the meniscus. Additionally, the 
surface must allow for movement of fluid such as synovial fluid in and out of the meniscus to 
mimic its native viscoelastic properties. The graft must be secured to at least the joint capsule 
and the tibia for proper support [9]. 
2.4.4 Resorbable Scaffold Implants 
Columbia University Medical Center designed a resorbable tissue engineered scaffold for 
meniscal replacement and published their results in Science Translational Medicine in December 
2014. They created a tissue engineered scaffold with which they successfully replaced an entire 
meniscus in a sheep. The researchers used magnetic resonance imaging and 3D printing to 
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achieve the desired, anatomically correct dimensions. The 3D-printed scaffold consisted of a 
proprietary biomaterial with microchannels or microscopic pores which enabled functional knee 
recovery by allowing for "spatially released human connective tissue growth factor" (CTGF) and 
transforming growth factor–β3 (TGF-β3).” The growth factors were required for the recruitment 
of endogenous mesenchymal stem cells and progenitor cells to the substitute meniscus as the 
scaffold itself began to resorb and replace itself with "native" tissue. CTGF and TGF-β3 were 
able to induce the native stem cells and progenitor cells to fully differentiate into 
fibrochondrocytes that simultaneously were able to create collagens necessary for functionality 
of the meniscus. Time-and-volume-controlled delivery of CTGF and TGF-β3 also restored 
nonuniform (natural) mechanical properties in the reconstructed sheep meniscus [21]. Figure 5 
below shows Columbia University's meniscal scaffold. 
 
Figure 5: Native sheep meniscus, 3D design, and final graft products from Columbia University Medical Center.[21] 
2.5 Scaffold Fabrication  
There are numerous methods by which to create porous structures suitable for use as a 
tissue-engineering scaffold. Brief consideration was given to the following methods as possible 
candidates for use in our experiments.  
2.5.1 Freeze Drying  
Freeze drying is a common method for creating tissue-engineering scaffolds, especially 
those made from collagen or silk. The process begins with a polymer solution in water. The 
15 
 
solution is frozen solid, then introduced to a low-pressure environment. Under vacuum, the 
frozen water sublimates and leaves behind a porous polymer network. Scaffolds made by freeze 
drying have networks of large,  interconnected pores ideal for cell growth and proliferation;  
however, while several processing parameters can control pore size, there are no obvious means 
by which to introduce alignment to the geometry of the fiber network [22, 23]. 
2.5.2 Porogen Leaching 
Porogen leaching encompasses a large family of scaffold creation methods in which 
foreign particles, or porogens, are added to a polymer melt, mold, or solution during processing. 
The porogens are removed after the polymer is set or cooled, usually by dissolving or melting 
them. Porogen leaching is a versatile process because of the variety in materials that can be used 
but, similarly to freeze drying, there are no obvious means by which to introduce order to the 
scaffold geometry. Also, porogen leaching usually produces scaffolds with fewer interconnected 
pores than other methods [23]. 
2.5.3 Gas Foaming 
 In gas foaming, polymer structures are held under high-pressure gas (most commonly 
CO2) until the equilibrium solubility of gas in the polymer is achieved. If the system is rapidly 
returned to normal atmospheric conditions, gas precipitates out of the now-supersaturated 
solution to form bubbles in the polymer structure. Gas foaming is often combined with some 
form of porogen leaching to create tissue-engineering scaffolds, but there is no obvious way to 
incorporate precise microgeometric alignment [24].  
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2.5.4 Rapid Prototyping/Three-Dimensional Printing 
Rapid prototyping and three-dimensional printing encompass an entire family of additive 
manufacturing techniques capable of creating parts with incredibly complex geometries. In the 
past few years, interest in these systems has grown and development has accelerated. While 
options do exist that can resolve features of about 1 micron, this is still too large to be effective 
for scaffold creation and those systems are prohibitively expensive given the resources allocated 
to this project. As a result, little further consideration was given to this technique. 
2.5.5 Electrospinning  
In the design of a scaffold for autographic meniscus replacement, electrospinning has 
emerged as a promising technology to utilize in our final design for several reasons. First, it is 
economically feasible [6, 25]. Second, nanofibers provide a high surface-area-to-volume ratio for 
cell attachment and alignment which is necessary for meniscal function [26]. Third, and most 
importantly, electrospinning is a highly customizable process [1-5, 25, 27-30]. An ever-
expanding array of materials and techniques can be used to affect the microarchitecture, material 
properties, and biological effects of electrospun products making it an ideal method for creating 
an implant that can induce cellular infiltration and proliferation, withstand the compressive 
forces experienced in the human knee, and be fully biocompatible. 
Electrospinning is the process of producing polymer nanofibers using high voltage to 
accelerate a polymer solution through a die towards a collection surface. The polymer solution 
forms a Taylor cone at the die interface from which a jet is ejected. The jet rapidly accelerates 
towards the collection surface, but on its trajectory the jet whips and divides. The solvent 
evaporates and nanometer scale fibers are deposited on the collection surface. With no 
modifications to the basic apparatus, fibers collect in a randomly oriented, porous, non-woven 
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mat. A basic electrospinning set-up is illustrated in Figure 6. By modifying this electrospinning 
process, it may be possible to create a reproducible process that will generate a scaffold suitable 
for tissue-engineering applications with aligned microgeometry. 
 
Figure 6: Illustration of basic electrospinning process [19] 
2.6 Current State of Electrospinning 
       There are several modifications to the basic electrospinning apparatus that can change the 
resulting fibers. Some modifications result in fiber alignment while others may have other uses 
in developing resorbable tissue-engineering scaffolds. 
2.6.1 Melt Electrospinning 
Melt electrospinning differs from traditional electrospinning in that a polymer melt is 
used rather than a polymer solution. In the context of creating aligned fibers for tissue-
engineering scaffolds, melt electrospinning is perhaps most attractive because the polymer jet 
has a much more predictable path to the collection device. The stability of the jet is so great that 
filaments can be collected with deliberate geometries simply by moving the collection plate. This 
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phenomena is possible because a polymer melt is many times more viscous than a polymer 
solution; therefore, a jet consisting of a polymer melt does not whip and split on its trajectory to 
the collection surface. 
Unfortunately, this approach to scaffold creation is marred by several shortcomings. First, 
the filaments produced by melt electrospinning are much larger than the fibers produced by 
solution electrospinning. Melt electrospun filaments are often 5-10 microns thick, many times 
larger than the target of 30-100 nm for tissue-engineering applications [31]. Second, the high 
heat required for processing precludes some polymers and many bioactive agents from being 
used as components in the construction of scaffold filaments [32]. 
2.6.2 Coaxial Electrospinning 
Coaxial electrospinning uses a system of nested spinnerets and multiple feed solutions to 
produce fibers with concentric layers. Most commonly, coaxial electrospinning is used in drug-
delivery applications, but potential also exists for its application in designing a resorbable tissue-
engineering scaffolds. As the fibers break down, new layers are exposed. The new layers can 
provide a means for greater control over scaffold properties or release bioactive compounds. 
2.6.3 Fiber Alignment 
Aligned fibers in a tissue-engineering scaffold support cell growth and improve the 
mechanical strength of engineered tissues. The human meniscus comprises circumferential 
collagen fibers and a radial network of supporting fibers which effectively redistribute and 
absorb the compressive forces in the knee [4, 27]. Furthermore, several authors have noted that 
structures made from aligned nanofibers have anisotropic mechanical strengths that exceed the 
mechanical capabilities of isotropic structures made from the same material [2, 4, 27, 33].  
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Of the many methods to produce aligned, electrospun fibers, the most popular employ a 
rotating drum as the collection surface [2, 3, 6, 7, 17, 34]. The movement of the drum causes 
enough tension in the airborne fiber to pull it into a straight line before the fiber is collected. This 
technique yields a sheet of long, parallel, aligned fibers. While most authors set the drums to 
rotate at 700-2000 RPM (or surface speeds of 3-10 m/s), Li et al. found that increasing surface 
speeds corresponded with a higher degrees of alignment in the collected fibers [4].  Similarly, 
Katta et al. performed an experiment with a modified, wire cylinder rather than a solid collection 
surface [3]. Wires were strung parallel to the axis of rotation to form a cylindrical cage. The 
apparatus was rotated slowly (about 1 RPM) and fibers were collected. Katta et al. found that 
most fibers collected along the wires, while some spanned the gaps between wires. By altering 
the rotational velocity of the collection apparatus, they saw more fibers aligned between wires at 
higher speeds, and more fibers collected on the wires at lower speeds. It is also worth noting that 
alignment patterns deteriorated with increasing thickness of the fiber mat. 
The principles at work in the experiment performed by Katta et al. also translate to a two-
dimensional substrate. Zander describes the use of checkerboard-like wire beds to create grids of 
aligned fibers and Brinkmann et al. show how an array of grounded pins can be used to align 
electrospun fibers [34, 35]. In these setups, fibers collect preferentially on the grounded 
components but also form aligned sections as they bridge between adjacent grounds. Zander also 
describes a set-up wherein fibers are collected on the flat surface of a rotating wheel and form 
annular rings, suggesting that any type of movement can lead to fiber alignment [34]. 
Many other modifications can be made to these methods. Liu et al. used two separated 
magnets as a substrate and found the fibers bridged the gap between them with high degrees of 
alignment [30]. They also found that this method enabled the easy removal of fibers and 
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produced fibers of uniform size and orientation with little branching. Dalton et al. used a similar 
apparatus, but rather than remove the fiber mat they twisted one electrode to produce a thin, 
multifilament string [28]. Zussman et al. were able to produce electrospun fibers with complex, 
periodic alignment by affixing a collection plate to the thin edge of a spinning disc and changing 
the orientation of the collection plate in-process [36]. In another experiment, Theron et al. were 
able to show alignment in electrospun fibers by directing the charged jet with an electrostatic 
lens [17]. 
2.7 Perfusion of Cells and Nutrients 
In a three-dimensional scaffold, sufficient means must be provided for cells to survive 
throughout the biostructure. Baker found that regions with little to no cellular proliferation in the 
interior of a three-dimensional cell culture resulted in poor mechanical properties of the would-
be implant. These deficiencies can be caused by either the cells’ inability to migrate to the 
interior of the structure or a lack of critical nutrients away from the external boundaries of the 
implant [27].  
Porosity, shape, and size play a large role in the development of cells in a three-
dimensional structure. Nazarov and Kaplan propose that interconnected pores with diameters of 
at least 100 microns are necessary to provide sufficient pathways for cell migration and nutrient 
diffusion while Baker et al. have shown that the use of sacrificial polymers in an electrospun 
scaffold can create highly customizable and well-controlled porosity [1, 37]. Furthermore, Sobral 
et al. demonstrated that variations in pore sizes, especially with large pores on the outside of the 
structure, improve cell proliferation throughout the entire scaffold [38]. Bai et al. support this 
claim and hypothesize that capillary action might be the major mechanism at work and can be 
effectively used to create scaffolds with healthy cell cultures throughout the structure [39]. 
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2.8 Scaffold Materials 
Almost any polymer can be electrospun with the right solvent, but there are not many that 
are biocompatible [40]. Most commonly, polyglycolic acid (PGA), polycaprolactone (PCL), 
polylactic acid (PLLA), and their derivatives are used. However, these polymers are often 
insufficient in strength and degradation rate for use in implantable cell scaffolds [25]. More 
recently, attention has been given to polymeric proteins such as collagen and silk fibroin (SF) for 
the design of tissue engineering scaffolds. These materials can outperform many polymers in 
terms of mechanical strength, let alone the weaker biopolymers, and are exceptionally 
compatible in the body. Furthermore, three dimensional structures made from silk have been 
shown to improve oxygen and water diffusion [41]. 
By changing various processing parameters, the dimensions and properties of the 
deposited fibers can be adjusted. For example, the molecular weight of the polymer can affect 
the shape of fibers. Koski et al. suggested that high molecular weight polymers produce thicker, 
flatter fibers than those made of shorter polymer chains [29]. Similarly, they suggested that fibers 
spun from solutions containing high polymer concentrations of the polymer are thicker and 
flatter than those spun from less concentrated solutions [29]. Yet, there exists a concentration 
threshold below which fibers will not develop [42]. If the solution is too dilute, beads may form, 
or there may not be any structure at all. Properties are also dependent on solution conductivity, 
viscosity, and the applied voltage [2]. 
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CHAPTER 3: PROJECT STRATEGY 
3.1 Initial Client Statement 
The initial client statement provided by our advisor, Professor Sakthikumar Ambady:  
Electrospinning is a technique which produces nonwoven, nanofiber meshes that 
have tremendous potential to support cell growth; however, most current 
techniques yield scaffolds with random fiber alignment. Disorder is not optimal 
for tissue engineering as microgeometries are crucial for proper cell alignment 
and tissue formation which influence overall organ development. In this project, 
you are expected to develop a multilayer, geometrically aligned, three-
dimensional electrospun scaffold for tissue engineering. 
 
Once the team was presented with the project statement, members developed questions to 
ask the advisor. These questions were designed to focus the direction for the project and exact 
specifications of the client. After the project was clarified, a revised client statement was created: 
 
Provide a proof-of-concept that a three-dimensional scaffold suitable for 
autographic meniscal replacement can be constructed with engineered, aligned 
microgeometries and micro architectures. 
 
Following revision of the client statement, the next step was to identify a stakeholder for 
the final design project. Our advisor, Professor Sakthikumar Ambady, was the main client for 
this design; however, other research facilities could benefit from testing the final scaffold. With 
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that said, the stakeholders are also orthopedic researchers and physicians working on treating 
meniscal injuries.  
3.2 Technical Design Requirements 
Working with the advisor and project team, a list of final technical design requirements 
was created to focus the project while moving forward. The requirements were put into four 
different groups: objectives, constraints, functions, and specifications. All the objective 
requirements had to be met in order to successfully satisfy the client statement. The constraints 
are boundaries and conditions that the final design must fall within. The function of the 
engineered bioscaffold comes from both the design of the aligned fibers combined with the 
porosity to allow for cell and nutrient profusion. Specifications include the dimensions of the 
scaffold, the composition and structure, economic constraints, stakeholders and end user 
requirements, and engineering standards that must be upheld. 
3.2.1 Objectives 
The team’s primary objectives were that the product had to be safe, anatomically 
accurate, reproducible, and compatible. Each of the objectives is described below, as well as 
summarized in Figure 7. 
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Figure 7: Objective Tree 
Safety – The most important objective in designing the scaffold is the safety of all those who will 
come into contact with it, especially the patient. If the device is not safe for all stakeholders and 
end users, it will never be approved for in vivo use. As part of this objective, the following are 
considered:  
1. Biocompatibility: The product is ultimately intended be implanted into a human body; 
therefore, it must be biocompatible to prevent rejection from the host. All materials and 
reagents cannot exhibit acute cytotoxicity, cause excess inflammation in the body, or 
engender any negative, chronic health concerns. Furthermore, because the scaffold will 
be designed to be resorbable, the products of decomposition must also be biocompatible. 
2. Sterility: The scaffold must be compatible with at least one sterilization technique to 
mitigate the risk of contamination during implantation.  
3. Shelf-life: The engineered scaffold must be able to be manufactured and stored in a way 
to avoid contamination and degradation. 
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4. Compliance: The product must comply with all pertinent FDA regulations to be used 
clinically. 
Physiological Accuracy – To successfully replace the native meniscus, the scaffold must share 
many of the same physiological properties. The following are considered in order of priority: 
1. Fiber Orientation: The meniscus comprises collagen fibers organized in load-bearing, 
circumferential bundles and supporting radial sheets. This specific architecture translates 
compressive forces within the organ into tensile forces in the ECM; so, to retain these 
critical properties, a similar architecture should be present in the artificial scaffold. 
2. Mechanical Properties: The artificial scaffold must be able to withstand the basic 
handling required to seed and grow cells in vitro as well as in vivo. The scaffold should 
also decompose in a temporally controlled manor and give way to the natural ECM 
produced by the growing cell culture at a rate consistent with cell growth. 
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3. Morphology: For an effective product and successful use in vivo, the scaffold must be 
consistent with the natural shape of the meniscus. For the purpose of this project, rough 
dimensions were sufficient, but a customizable morphology represents an ideal solution.  
Average dimensions of adult menisci as reported by Fox et al. are given in Table 1 and 
were used as a guide. 
Table 1:  Average dimensions of adult menisci [9] 
 
4.  Nutrient Perfusion: Cell growth throughout the entire scaffold is dependent on sufficient 
access of cells and nutrients via pores to the innermost parts of the scaffold. 
Quantification and Accessibility – To ensure reproducibility, quality standards, and accessibility 
of the product, the design team hoped to achieve the following: 
1. Recording Results: While qualitative observations can influence development, 
quantitative processing parameters are ultimately necessary to ensure universal process 
reproducibility.  
2. Equipment: Whenever possible, the use of widely available, stock equipment and 
materials is preferred to reduce cost and allow for reproduction. 
3. Testing: Throughout development, prototypes will undergo various tests. Methods must 
be developed and executed to determine fiber alignment and architecture and scaffold 
biocompatibility. 
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Table 2 shows the head-to-head rankings of each project objective and the cumulative 
scores used to prioritize them for incorporation into the final design. The principle objective was 
to achieve fiber architecture similar to that found in human menisci. That is to say, the most 
important facet of the project was to demonstrate radially aligned and circumferentially aligned 
fibers combined in a layered construction. After that, the secondary objective was to produce a 
scaffold that was suitable for use as an implant. All materials would have to be compatible with 
the surrounding tissues in the knee and the global immune system. Furthermore, the scaffold 
would need to withstand some form of sterilization. Next, we considered the features which 
contribute to successful cell attachment and growth: namely, pore size and fiber diameter. 
Finally, we strove to incorporate a degree of customization for individual patient needs.  
Table 2: Pairwise Comparison chart of project objectives 
 
3.2.2 Constraints 
First, as this device will serve as the basis for an implant and needs to support cell 
growth, all materials and reagents utilized during any process of the experiment must be 
biocompatible. This constraint will influence the selection of polymers and solvents used during 
the electrospinning process as well as limit the options available for treating the spun scaffold. 
Not only does this restriction prohibit the use of chemicals with acute cytotoxicity, but also those 
which will lead to rejection by the human immune system or cause long-term health problems 
for the patient. 
28 
 
To grow a healthy cell culture, the scaffold must provide an aligned, strong matrix for 
cells to propagate, and then degrade as cells develop their own extracellular matrix (ECM). A 
resorbable artificial scaffold is typically required to maintain most of its strength and function for 
6 weeks in vivo before the cell culture has developed a natural ECM capable of supporting 
growth [43]. As the artificial scaffold breaks down, it is important that all the products of 
degradation are fully biocompatible. 
The scaffold must be sterilized before surgical implantation. Sterilization is important for 
the health and safety of patients and the viability of a cell culture on the scaffold. Any materials 
and reagents used must be able to withstand some form of sterilization without degradation. 
Beyond the constraints of use and function, the scaffold must not cost more than $1,000 
nor take more than 14 weeks to develop. 
3.2.3 Functions 
A list of functions necessary to meet the project objectives was compiled: scaffold 
creation, fiber alignment, and scaffold removal. Each function and possible means of achieving 
that function are surmised in Table 3. 
Table 3: Functions and means of scaffold creation 
 
1. Scaffold Creation 
a. Electrospinning: Electrospinning was selected as the most appropriate method of 
scaffold creation because it is an economic means of producing scaffolds suitable 
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for tissue engineering and allows for control over fiber architecture. Electrospun 
scaffolds are good candidates for tissue engineering as they have high surface-
area-to-volume ratios; comprise networks of large, interconnected pores; and can 
be made using a wide variety of materials.  A discussion on various methods for 
controlling fiber alignment and scaffold architecture can be found in section 2.6.3 
Fiber Alignment of this report. 
b. Rapid Prototyping: While there were 3D printers available for our use, they could 
only achieve 0.25 mm resolution, well above what would be necessary to 
construct a tissue-engineering scaffold. 
c. Freeze drying, porogen leaching, gas foaming, and hydrogels: These methods 
were all ruled out because there was no apparent means by which to introduce 
deliberate and precise order into the scaffold’s microarchitecture. 
2. Fiber alignment 
a. Surface velocity: A moving collection surface seemed to be the most reliable and 
simplest means by which to achieve fiber alignment.  Additionally, a moving 
surface could be implemented in conjunction with other means of achieving fiber 
alignment to construct compound geometries. 
b. Bridging gaps: In the space between two collection points, electrospun fibers have 
the tendency to align themselves in a bridge-like manner; however, while this 
method can be extremely effective for achieving uniaxial alignment, we did not 
see how it could be used to collect circumferentially aligned fibers. 
c. Charged pins: Either an array of charged pins or a single, moving charged pin 
could be used to direct fiber collection and achieve relatively precise shapes. 
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While these techniques are effective at defining overall outlines and large 
features, they offer little control over a scaffold’s microarchitecture. 
d. Electrostatic lens: Controlled changes to the electromagnetic field between the 
spinneret and the collection surface can influence the trajectory of the polymer jet 
and thus control fiber collection patterns.  However, this method’s efficacy in 
producing highly aligned fibers is unproven. As a result, this method was 
considered inferior to electrospinning given the latter’s well-established ability of 
producing highly aligned fibers. 
3. Scaffold removal 
a. Parafilm: One means of removing the scaffold from the electrospinning 
deposition surface would be to have a piece of Parafilm on top that could be 
removed with the entire scaffold still intact. Then the Parafilm could be removed 
and the scaffold could be placed into a petri dish. 
b. Tweezers: Another means of removing the scaffold is with tweezers/forceps. The 
fibers would probably stick to the tweezers and lose their alignment. Once off the 
collection device, the scaffold could be placed into a petri dish. 
As the final design took shape (see CHAPTER 4: DESIGN PROCESS), there was no 
longer a need to remove the electrospun fibers from the collection surface. 
3.2.3 Specifications 
As this device is ultimately intended to form the basis of an implant, all materials in 
contact with the body must meet and pass standards set forth by the Food and Drug 
Administration, the United States Pharmacopeia, ISO 11737-2:2009 (Sterilization of Medical 
Devices), and ISO 10993-1 (Biological Evaluation and Biocompatibility Testing of Medical 
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Devices). To avoid expensive, time consuming testing on biocompatibility, materials and 
methods known to comply with these standards will be given preferential consideration 
throughout the design process. 
For electrospinning, most processes require a common set of inputs. Either a constant 
volumetric flow rate or constant pressure must be specified for the syringe pump. A constant 
voltage is applied across the gap between the spinneret and the collection surface; the electric 
field at the die is positive by convention.  The distance between the spinneret and the collection 
surface must also be specified [40].  
3.3 Management Approach 
 Time and task management are key to meeting objectives in an acceptable time frame. 
During A-Term it was the team’s goal to complete literature review, revised client statement, 
come up with objectives and constraint, and complete the introduction of the MQP report. In B-
Term the team had to continue to create and compare alternative designs, select a design, test 
their design, and make design modifications. For C-Term, the team had to continue to improve 
the chosen design, device validation through tests, and scaffold validation with cell culture 
testing. Finally, in D-Term, the team completed the final MQP report, presented the project, and 
complete eCDR paperwork. The Gantt chart below in Table 4 presents the team’s plan for the 
project. 
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Table 4: Basic project timeline for August 2016 to May 2017 
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CHAPTER 4: DESIGN PROCESS 
4.1 Need Analysis 
 We compiled a list of functions for the collection device and classified them as a “want” 
or a “need” to achieve the desired results for the project. A need is a function that the final design 
must meet to have successful results. Wants are features that can further the success of the final 
design but are not necessary. Table 5 shows the functional wants and needs of the project. 
Table 5: Functional Needs and Wants 
Function Want Need 
Attract and Collect Fibers  X 
Create scaffold within dimensions of meniscus   X 
Withstand up to 30kV safely  X 
Scaffold removal  X 
Ability to create fibers in customized alignments  X 
Compatible with different electrospinning machines  X 
Easily customizable X  
300-500-micron pore size  X  
Rotational collection device for linear and 
circumferential alignment 
X  
  
We completed an analysis of needs with the clients in mind. For the device to be useful to 
the client, it must be compatible with the different types of electrospinning devices. Furthermore, 
our electrospinning process was carried out within an enclosed acrylic box to prevent accidental 
contact with high-voltage components during spinning. As a result, the collection unit had to be 
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both compact and universal. Also, the collection device had to create radial and circumferential 
fiber alignment to mimic a native meniscus. The design of the collection apparatus must also 
incorporate control over the micro and macro fiber architectures to optimize the structure for cell 
growth and cater to individual patients’ anatomy. The function and means are shown in Table 6: 
Table 6: Advantages and Disadvantages of Chosen Means 
Function Needs Mean Specification 
Create Scaffold Electrospinning Fiber diameter of 500-600nm 
Ability to collect fibers in 
customized alignments 
Charged rotating wire to collect 
scaffold 
Speed will depend on desired 
fiber alignment. Slow gives 
circumferential, fast gives 
linear alignment 
Compatible with different 
electrospinning machines 
Rotating wire frame design Ability to fit within 
electrospinning box 
Fiber removal Cut out of wire frame Edges of scaffold will be cut 
to remove from wire frame 
Accept high amount of 
voltage safely 
Team's rotating wire made from 
copper (other materials could 
be used) 
<30kV 
 
 
4.2 Conceptual Designs 
 Our initial conceptual design was a rotating collection device that would allow us to 
create aligned fibers. Using a rotating object as a collection surface creates linear, aligned fibers. 
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For further discussion, please refer to section 2.6.3 Fiber Alignment of this report. Two examples 
of the various rotating surfaces used for electrospinning are shown in Figure 8 and Figure 9. We 
devised several designs that utilized the concept of the rotational movement to align fibers. 
 
Figure 8: Rotating Solid Drum Electrospinning Collection Device 
 
 
Figure 9: Rotating Wire Drum Electrospinning Collection Device 
 
  An initial conceptual design was to use a grounded rotating cylindrical drum, such as one 
shown in Figure 10 that would allow fibers to be electrospun onto the outer surface. Similar 
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drum designs have been used to align fibers in a single direction, but not in a compound, layered 
architecture close to what is needed to maintain meniscal mechanical properties [3]. While crude 
compound architectures could be achieved by stacking cuttings from the collected fibers, this 
approach was deemed to not be feasible for the design of a meniscal scaffold. Once removed 
from the collection surface, electrospun fibers are incredibly fragile and do not maintain 
alignment well. Cutting the layers and stacking them by hand subjects the fibers to too much 
handling. Also, finding a way to “glue” the layers together presents another challenge.  
 
Figure 10: Collection Drum 
4.3 Preliminary Designs 
4.3.1 Rotating Plate with Rotating Sub Plate Collection Device 
Benefits 
 This design could potentially align fibers circumfrentially and radially. By controling the 
rotational speed of the large disk and the position of the smaller, moon-shaped disk we could 
dictate the direction of allignment of fibers collected on the smaller plate. Figure 11 is a rough 
drawing of what the design would look like. 
Limitations 
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 The largest challenge presented by this design was the physical construction of the 
device. Presumably, the small plate would be controlled by a small electric motor or servo. Not 
only would this disrupt the balance of the rapidly rotating large plate, but the wires required for 
power and input would become twisted and tangled around the stand. As a secondary concern, 
the large surface area of the big plate would likely inadvertantly collect lots of fibers. Any fibers 
not collected on the smaller plate would go to waste, so this design would be incredibly 
inefficient.  
 
 
Figure 11: Rotating Plate with Rotating Subplate 
4.3.2 Rotating Wire Collection Device 
Benefits 
 This design uses a grounded, rotating wire as a collection surface. Surface velocity from 
rotating the wire could radialy align fibers while the thin feature of the wire forcecs fibers to 
align more-or-less circumfrentialy. Altering the rotaional speed could influence the preference 
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with which fibers form on the outer rim (circumfrentially) or across the wire structure (radialy). 
We hypothesized that when the scaffold is rotated slowly, the fibers would tend to align parrallel 
to the wire. We also hypothesized that, as the rotational speed is increased, the fibers would align 
radially. Because the base feature is interchangeble, wire could allow for cusomization; wire is 
disposable and easily manipulated. The design is very simple, easy to use, and potentially very 
cheap. Figure 12 is a design sketch of what the rotating wire scaffold could look like. 
Limitations  
Because the wire scaffold rotates, the radial fibers would completely wrap around the 
wire and burry it in the middle of the sample scaffold. This poses the challenge how to remove 
the wire or, alternatively, finding a material that could either dissolve or remain as part of the 
structure. 
 
Figure 12: Rotation Wire Collection Device 
4.4 Feasibility Study/Experiments 
4.4.1 Collection Device Material 
 The final design of the wire frame rotation apparatus (without the acrylic protection box) 
was built with the help of Tom Partington and can be seen in Figure 13: 
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Figure 13: Final Design Prototype 
 
The base and stand of the electrospinning device is made from an acrylic. The base is 15 
cm x 20 cm and stands 30cm tall.  A small stepper motor at the base drives the solid copper axle 
by a rubber drive belt. The base feature is fixed in the alligator clip at the end of the copper rod. 
The base feature is connected to the voltage supply through the alligator clip, copper axle, and a 
graphite motor brush. There is a 12 cm gap between the stepper motor and the axle to avoid 
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high-voltage static shocks to the motor and control board. To inhibit fibers from collecting along 
the copper rod, a segment of silicone peristaltic tubing surrounds axle. The motor is controlled 
by an Arduino Uno microcontroller. The simple stepper motor code for the Arduino can be found 
in APPENDIX A: ARDUINO CODE FOR STEPPER MOTOR.  
 The use of an Arduino microcontroller allows for precise control over the rotational 
speed of the rod and, by extension, control over fiber alignment. The pulley on the rod and the 
stepper motor are the same diameter, so there is a 1:1 drive ratio between the motor and the axle.  
 The clip at the end of the copper rod allows the user to secure a wire bent into the shape 
of a meniscus. The ideal wire should be malleable, conductive, and biocompatible if there are 
future plans of cell seeding onto the small samples of wire that has been electrospun onto without 
the requirement of removing the scaffold from the wire. A biocompatible wire could consist of 
silver, platinum, gold, titanium, and more. Our team chose to use a copper wire which also 
allows for customization of the meniscus scaffold size because of its inherent malleability. The 
ability to customize the sizing of the meniscus scaffold allows for proper dimensions and desired 
mechanical properties once implanted in the patient. 
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Table 7: Collection Device Material 
Material Function Advantages Disadvantages 
Acrylic Collection Device 
Base 
Insulation plastic N/A 
Copper Rod/Wire 
Frame 
 
Wireframe charging 
High electrical 
conductivity and 
easily manufactured 
Precise wire 
frame 
customization 
Aluminum Pulleys  Drive copper rod 
revolution 
Cheap and lightweight N/A 
Stepper 
Motor/Arduino 
Board 
Rod rotational 
velocity control 
Simple set up and 
precise control 
Must compile 
code on a PC 
  
The materials chosen to manufacture the collection plate are given in Table 7 and were 
selected based on how they were best suited for their individual function. The acrylic was not the 
cheapest option for the collection device base, but it provided the insulation needed to protect the 
user and other components during the electrospinning process. The copper rod was chosen for its 
excellent electrical conductive properties. This allows for a strong charge during electrospinning 
and provides the driving force for fiber acceleration. The aluminum pulleys are light-weight, 
easy to manufacture, and relatively inexpensive. The stepper motor was selected as the drive 
source because of its ability to precisely control rotation over a wide range of speeds, especially 
in low-torque applications. Lastly, the Arduino board was selected because of its simplicity to set 
up, edit, and control using simple coding. 
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4.4.2 Final Design Benefits vs. Drawbacks 
Table 8: Benefits vs. Drawbacks of the Final Design 
Benefits Drawbacks 
Customized fiber alignment and scaffold 
dimensions. 
Difficult to remove scaffold from ring 
Portable Imprecise measurements when bending wire 
frame without machining  
Reproducible Scaffold Results Limited to a critical thickness by fibers 
insulating collection features 
Simple User Operation and Customizability 
of Electrospinning Parameters via Arduino 
 
  
The final collection device design iteration met the requirements of having the ability to 
customize fiber alignment, fiber thickness, and porosity of the scaffolds. The ability to change 
the velocity of the wire frame allows for radial and circumferential fiber alignment that is seen in 
native menisci. The ability to control the parameters of the collection device, voltage source, and 
syringe pump speed allow for a reproducible procedure. Removal of the scaffold from the wire 
frame without damaging the fibers represents an area for improvement. Another area for 
improvement would be the ability to have the wire frame created with precision, for example, a 
method that would take an image of the patients’ meniscus that needs to be replaced and creates 
the frame to the exact dimensions.  Benefits and shortcomings of the design are presented in 
Table 8.  
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CHAPTER 5: DESIGN VERIFICATION 
 The native human meniscus consists of circumferentially and radially aligned fibers. The 
orientation of these fibers gives the meniscus its mechanical properties which are essential for 
load displacement from the femur to the tibia and through the patella. Electrospinning 
technology was utilized by the team to created customizable fiber alignment which mimics a 
native meniscus. Initial testing was conducted to investigate and discover optimal 
electrospinning techniques before our final design collection device was tested. 
5.1 Electrospinning onto an Aluminum Plate 
 The main objective of this initial experiment was to test our electrospinning equipment 
and establish the conditions required to create fibers from polyvinyl alcohol (PVA). PVA was an 
easily accessible and easily electrospun polymer that could be used for initial design testing.  
During these initial trials, a 30 wt% solution PVA in water was used. This concentration of 
polymer solution was shown to work in the literature  and was successfully used in a previous 
project by Brinkman et al.  [35]. The PVA solution was mixed according to the specifications 
given in Table 9. 
Table 9: 30% PVA Electrospinning Solution 
PVA (g) Water (g) Time on Magnetic Stir Plate 
4.47 10.64 12 Hours 
  
The collection plate was tested with the 30% PVA solution to produce fibers onto the 
plate. An image of PVA fibers from one of the first tests can be seen in Figure 14 below:   
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Figure 14: Initial Electrospinning Test 
  
Table 10 gives the processing parameters found to be most effective for creating PVA 
nanofibers.  
Table 10: Optimal Parameters for Electrospinning 30% PVA Solution 
Time Voltage Pump Speed Distance Between Needle and 
Collection Device 
Solution 
Volume 
1 hour 22-25 kV 0.5 ml/hr 15 cm 1.0 mL 
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5.2 Electrospinning on to Collection Device 
Once the initial analysis was completed, we proceeded to experiment with our collection 
device. From these tests, we anticipated radially and circumferentially aligned fibers to be 
deposited the ring. The collection device was tested using a mixture of silk fibroin protein (SF) 
and poly(ethylene oxide) (PEO) in water loosely based on the literature [26, 41]. Several 
variations were mixed, and compositions are given in  
Table 11. 
Table 11: Silk/PEO Electrospinning Solution 
Solution 
1B 2B 3B 
Date mixed 23-Mar 23-Mar 23-Mar 
Initial Silk Composition 
(g/g) 0.0884 0.0884 0.0884 
  g wt % g wt % g wt % 
Silk Solution 1.6915 0.0499561 2.2651 0.0665785 2.5917 0.075301982 
DI Water 1.1511 0.899729854 0.6427 0.900271042 0.3756 0.899981502 
900,000 MW PEO 0.1506 0.050314045 0.0997 0.033150457 0.0752 0.024716516 
 
The collection device was tested with the Silk/PEO solutions to see if we can produce 
radially and circumferentially aligned fibers on the wire frame. An image of the SF/PEO fibers 
from one of the tests can be seen in Figure 15 below:   
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Figure 15: Illustration of basic electrospinning process 
 
 Once it was demonstrated that radially aligned fibers could be produced, electrospinning 
was continued for a longer duration to analyze any presence of circumferentially aligned fibers 
on the ring.  Most experiments were performed under the conditions given in Table 12. 
Table 12: Optimal Parameters for Electrospinning of Silk/PEO Solution 
Time Voltage Pump Speed Distance Between Needle and 
Collection Device 
Solution 
Volume 
1 hour 17 kV 0.10 ml/hr 8.5 cm 1.0 mL 
  
As experiments continued, it was found just how sensitive electrospinning, particularly 
with the SF/PEO polymers, is to external factors such as humidity and temperature. On days 
when the relative humidity was above 35%, the fibers would be thicker and clumpier, or would 
not form at all. At times, an entire drop of the solution would let loose off the spinneret and fly 
through the sample scaffold, leaving a hole. Days where the relative humidity in the lab was 
closer to 20%, the fibers were thinner and tended to collect on other surfaces in the spinning 
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chamber. We believe the dry air enabled the other surfaces to build up a static charge and attract 
some of the fibers.  As a result, the process would have to be paused every fifteen minutes to 
sweep away the stray fibers as they sometimes blocked the path of new fibers or clumped 
together and became entangled in the sample scaffold. 
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CHAPTER 6: FINAL DESIGN and VALIDATION 
6.1 Economics 
 The results and conclusions produced by this report were to provide a proof-of-concept 
that a three-dimensional scaffold suitable for a meniscal graft can be electrospun with 
engineered, aligned microgeometries and microarchitectures. There is still a great deal of work 
necessary before these techniques can be developed into a viable clinical product. Broadly 
speaking, an off-the-shelf product suitable for meniscus replacement could greatly impact the 
economics and well-being of patients with knee injuries and the healthcare providers who serve 
them. For example, with improved access to replacement menisci, more providers might opt for 
meniscal scaffold grafts rather than attempting to suture and repair native tissue or pursue a 
meniscal allograft transplant. Since the meniscus injury market is a multi-billion-dollar market, 
our device and scaffold could have an impact on it. Significant research effort has focused on 
creating bioengineered materials and structures that mimics native tissue and the devices to 
create them. Since our device could potentially be part of the answer, labs could purchase our 
device to create custom meniscus scaffolds or buy a custom meniscus and seed it with the 
desired cells.  
6.2 Environmental Impact 
 Should the proposed methods be pursued and developed, the greatest impact on the 
environment is likely from an increased demand for cocoons from B. mori. The extent to which 
demand for silk will increase because of research and clinical use is difficult to gauge. Beyond 
that, the electrospinning techniques proposed require relatively little energy and consume 
relatively few raw materials. 
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6.3 Societal Influence 
 Artificial replacements for human menisci will likely have little impact on those who 
have not suffered knee injuries. Full-scale production of such devices would create some jobs, 
but clinical implementation likely would not affect major pillars of society. 
6.4 Political Ramifications 
 Just as artificial replacements for human menisci would likely not have any major 
impacts on domestic culture, there is no reason to believe foreign cultures would be affected. 
6.5 Ethical Concerns 
 As with any medical device, it is the duty of developers, manufacturers, and healthcare 
providers to minimize risk to the patients. Therefore, before coming to market, any scaffold 
manufactured by these techniques (or similar) must pass rigorous scientific testing and clinical 
trials. 
 The silk fibroin used in the experiments outlined in this report is derived from the 
cocoons of B. mori. While there is precedent for the use of animal products in medical devices 
and research, some individuals may still find the practice against their personal code of ethics 
and should be informed. 
6.6 Health and Safety Issues 
 There are several health and safety concerns associated with the proposed processes. 
First, electrospinning depends on high voltage and while steps can be taken to shield the 
apparatus from accidental contact, a small chance for electric shock still exists.   
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6.7 Methodology 
6.7.1 Synthesis of SF/PEO Mixtures 
 To mix the SF/PEO solutions for electrospinning, all species were added by mass 
according to Table 11 and mixed in a one-dram vial. SF was added first; initial SF solutions were 
generously provided by Jeannine Coburn [44]. Next, 900,000 kDa PEO (Sigma Aldrich 189456-
250G) was added.  Deionized water was added last.  Vials were left to sit for 72 hours at 4°C 
without stirring.  After 72 hours, each solution was gently mixed with a glass rod then returned 
to the refrigerator for another 48 hours before being used.  SF forms insoluble β-sheets under 
high shear and at elevated temperatures, so to avoid silk precipitating out of solution mixtures 
were refrigerated and diffusion was relied upon as the primary means of mixing.   
6.7.2 Measurement of Fiber Alignment 
                To assess fiber alignment, we analyzed fast Fourier transform (FFT) plots generated 
from bright-field and scanning electron micrographs of several sample scaffolds. FFT plots 
translate pixel contrast into the frequency domain and highlight regular patterns in an image. 
                First, to study radial fiber alignment, we captured bright-field micrographs of each 
sample using an Axiovert 40 CFL light microspope and an AxioCam IC1 camera. The sample 
was positioned so that the field of view was close to the center of the ring. Next, images were 
captured at 50x magnification using Zeiss Zen software. These images were cropped to 1024 x 
1024 pixels from the upper left-hand corner and converted to grayscale in Adobe Photoshop. The 
prepared images were imported into ImageJ and an FFT plot was generated. On the FFT plot, the 
“circle marquee” tool was used to construct a circle inscribed in the square image. Finally, the 
“Oval Profile” plug-in was run in “Radial Sums” mode with 360 points to tabulate the 
cumulative pixel intensity for each 1° wedge of the circle. The data was normalized according to 
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Equation 1 where ai is the sum of pixel intensities in the i
th
 wedge and αi is the normalized value 
of ai. 
 𝛼𝑖 =
𝑎𝑖
𝑎𝑚𝑖𝑛
− 1 
Equation 1 
                The alignment of circumferential fibers was determined similarly, but with SEM rather 
than bright-field microscopy. SEM was used because the ring where we expected to see 
circumferential alignment was opaque and the fibers it collected could not be resolved by bright-
field microscopy. To generate images for FFT analysis, as-spun samples were sputtered with 
gold and placed in an Amray SEM. Micrographs were captured at 125x magnification. Then, in 
Adobe Photoshop, the images were cropped to the largest square which could fit entirely on the 
ring. After that, the images were converted to grayscale and a one-pixel-radius Gaussian blur was 
added to the image. Because SEM can resolve small features on individual fibers and in the 
background, the Gaussian blur was necessary to prevent excessive noise in the FFT images. Data 
on pixel intensity was collected and normalized just as it was when studying the radial fibers. 
6.7.3 TGA & DSC  
 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) studies 
were performed on as-spun SF/PEO fibers with the help of Anthony D'Amico.  A table of 
parameters can be found in APPENDIX C: CONDITIONS FOR TGA AND DSC 
STUDY. 
6.8 Validation Process Methods 
Any device that is used for a medical purpose must follow strict regulations. Since our 
collection device is used for research currently, regulations are less strict. A provided by the 
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American National Standards Institute (ANSI), www.nssn.org/search/IntelSearch.aspx, 
was used to find engineering started that would have to be followed for manufacturing and 
marketing of out collection device. Below is a shortened list of engineering standards that we 
would have to consider manufacturing and market our collection device. 
 ISO 9000 Series – Quality Assurance 
 ISO 14000 Family – Environmental management 
 IEC 60060 Ed. 3.0 b:2010 – High-voltage test techniques 
 ISO/IEC Guide 60:2034 – Conformity assessment – Code of good practice   
 B11.TR7-2007 – Designing for Safety and Lean Manufacturing: A guide on integrating 
safety and lean manufacturing principles in the use of machinery 
 ISO 1101 – Geometric Dimension and Tolerancing Standard 
 ANSI/ASME Y14.1 and Y14.5 – International drafting standards for engineering 
drawings 
 ISO 1101 – Geometric Dimension and Tolerancing Standard 
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CHAPTER 7: DATA ANALYSIS 
7.1 Fiber Alignment 
                Alignment was determined from the data generated by the FFT analysis described in 
the methodology. The following principles were applied: 
 Random fiber alignment appears as even, uniform peaks at 0°, 90°, 180°, and 270°. 
 Fiber alignment appears as two extra peaks 180° apart. 
o If the extra peaks occur at 0°, 90°, 180°, or 270° then those peaks will be 
emphasized. 
 Deviations from the baseline of 0.05 or more indicate detectable anisotropic mechanical 
properties. 
A full discussion of FFT analysis is given by Ayres et al [45]. 
                The alignment of fibers in radial sheets seems to be dependent upon the surface 
velocity of the collection surface. In our case, increasing the rotational velocity of the collection 
ring had a pronounced effect on fiber alignment. In Figure 16, large, well-defined peaks at 0° and 
180° indicate a high degree of fiber alignment. Similarly, at 100 RPM the peaks at 180° and 300° 
also indicate a high degree of fiber alignment. However, there is a greater difference in relatively 
intensity at 200 RPM than 100 RPM (0.12 and 0.10, respectively) and therefore a better 
alignment. At 23.5 RPM, the presence of many other, smaller spikes is a product of the cross-
hatching pattern found in the fibers. The large, well-defined peaks at 0° and 180° indicate a high 
degree of fiber alignment. Similarly, at 100 RPM the peaks at 180° and 300° also indicate a high 
degree of fiber alignment. However, there is a greater difference in relatively intensity at 200 
RPM than 100 RPM (0.12 and 0.10, respectively) and therefore a better alignment. At 23.5 
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RPM, the presence of many other, smaller spikes is a product of the cross-hatching pattern found 
in the fibers. The large, well-defined peaks at 0° and 180° indicate a high degree of fiber 
alignment. Similarly, at 100 RPM the peaks at 180° and 300° also indicate a high degree of fiber 
alignment. However, there is a greater difference in relatively intensity at 200 RPM than 100 
RPM (0.12 and 0.10, respectively) and therefore a better alignment. At 23.5 RPM, the presence 
of many other, smaller spikes is a product of the cross-hatching pattern found in the fibers. At 
23.5 RPM, the presence of many other, smaller spikes is a product of the cross-hatching pattern 
found in the fibers. 
 
Figure 16: FFT analysis of radial fibers 
 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0 45 90 135 180 225 270 315 360
R
el
at
iv
e 
In
te
n
si
ty
 
Collection Angle (degrees) 
Effect of Rotational Speed on Radial Fiber Alignment 
23.5 RPM
100 RPM
200 RPM
55 
 
 
Figure 17: Left to right, radial fibers collected at 23.5 RPM, 100 RPM, 200 RPM 
 
Our tests were inconclusive in determining the degree of alignment for circumferential 
bundles. Insufficient evidence was available to claim significant fiber alignment on this feature; 
however, due to poor testing methods and experimental design, the collection of 
circumferentially aligned fibers cannot yet be ruled unachievable. First, the Gaussian Blur 
applied to SEM micrographs prior to FFT analysis, while necessary to reduce noise in the results, 
could have also eliminated finer features in the fiber architecture. Second, SEM produces a field 
of view almost 30 times smaller than that of bright field microscopy which could have been too 
small to see any alignment among fibers. Lastly, all samples submitted for SEM imaging were 
collected at 200 RPM (70 SFM). 
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Figure 18: FFT analysis of circumferential fibers 
7.2 Heat Treatment of As-Spun Fibers 
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) tests 
were performed on as-spun products to determine the viability of using a heat treatment in 
preparing the scaffolds for cell culture. PEO and as-spun SF are both soluble in water and 
ethanol; however, SF in the β-sheet conformation is insoluble in water and ethanol. Forming β-
sheets in the SF is important for two reasons. First, the scaffold must be able to tolerate an 
aqueous environment without dissolving. Second, the differences in solubility can be used to 
remove most of the PEO from the scaffold material. One of the several conditions under which 
silk fibroin will form β- pleated sheets is elevated temperatures. The β-pleated sheets are more 
resilient in comparison to the natural α-helix configuration of the silk protein, and will not 
dissolve while removing the PEO from the scaffold because of the intermolecular forces at play. 
In addition to the strength of the scaffold in solution, this provides the ability to the scaffold be 
sterilized. 
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From the DSC and TGA data, we determined that 150°C was sufficiently high to support 
the β-sheet transition and yet low enough to avoid species decomposition. Figure 19 shows the 
DSC results from a 2:1 SF-PEO mixture. Most notably, there is an endothermic feature that 
appears only in the first cycle at about 8-24 minutes. As this feature is the only dissimilarity 
between the two temperature cycles and occurs reasonably close to the temperatures predicted by 
the literature, we hypothesize that it represents the β-sheet transition for SF [46]. Figure 19 and 
Figure 20 indicate two temperatures where fibers begin to lose mass: The first is at low 
temperature (<100°C) and is likely caused by the evaporation of residual water. The second 
begins at 200°C and results in significant loss of mass in the test sample. This second point likely 
indicates the beginning of decomposition in one or both species. 
 
Figure 19: DSC analysis of 2:1 SF/PEO fibers 
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Figure 20: TGA of 3:1 SF-PEO fibers 
 
 
Figure 21: Derivative graph of Figure 20 
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 After receiving a heat treatment of 150°C for 2 hours, non-aligned fibers showed a 
noticeable resilience to ethanol.  While as-spun fibers dissolved immediately and entirely in 99% 
ethanol, the heat-treated material did not entirely dissolve, even after 15 minutes. Furthermore, 
there was no visible scorching after being in the oven. 
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CHAPTER 8: CONCLUSIONS & RECOMMENDATIONS 
8.1 Conclusions 
After reviewing the results of tests performed throughout the course of this project, 
several strengths of the proposed methods emerge. First, our results support the hypothesis that 
surface speed can be used to align electrospun nanofibers. As rotational speeds increased, radial 
fiber alignment also increased. Second, the proposed process supports customization of the base 
feature and the rotation program: two influential features on the scaffold’s macro and micro 
architecture. Third, the additive nature of scaffold construction implies that layered patterns are 
achievable. Lastly, the SF/PEO mixture holds promise for use as the main component of a 
scaffold.  
We also identified several deficiencies with the process over the course of testing. First, 
we were unable to detect the presence of circumferentially aligned fibers. It is difficult to tell 
whether this was due to inadequate detection techniques, the efficacy of the apparatus, or a 
combination of the two. Another shortfall of the process is the slow rate at which fibers are 
collected. The small rings used in our experiments generated an electric field much smaller and 
weaker than other collection surfaces. To compensate, the flowrate of polymer solution to the 
spinneret was slower than when larger collection surfaces were used. Also as a result of smaller 
collection surfaces, more fibers missed the ring and formed on the walls of the enclosure.  The 
difficulties extended to the solution as well. Even with the PEO carrier, silk does not electrospun 
well. We found that when ambient humidity came close to 35%, fibers formed poorly or not at 
all.  
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While the proposed technique faces some challenges, we do not believe they render it 
useless. It is feasible to produce thicker scaffolds by increasing the time of electrospinning, and 
circumferential alignment might be improved with the use of a thinner collection feature at 
slower rotation speeds. Experimentation with more sophisticated base features and rotation 
programs is warranted, especially as it might open the door to more precise alignment and finer 
microgeometries. 
8.2 Limitations 
 The conclusions drawn by this report are based on limited data, and one contributing 
factor to this shortcoming was the difficult environment for electrospinning. Electrospinning is 
sensitive to the humidity of ambient air and we found silk fibroin protein to be no exception in 
that when relative humidity approached 35%, fibers could not be produced. Additionally, the 
collection surface provided by the brass rings was relatively small compared to traditional 
methods. As a result, the electric field was considerably weaker and the collection process was 
even slower and more inefficient than usual. The limited supply of sample material was 
exacerbated by the destructive nature of many of our tests. 
 Scaffolds created by methods similar to those proposed in this report are limited to a 
maximum thickness. As fibers build up on the base feature, they insulate the collection surfaces. 
Because of this, alignment degrades in layers away from the base feature and fiber formation 
eventually ceases altogether [3]. We were unable to determine this maximum thickness due, in 
part, to the same reasons for the limited data discussed earlier. 
 A simple brass ring was used as the base feature in all of our experiments as a matter of 
convenience; however, the anatomy of the human meniscus would require a base feature with 
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more complex geometry. There is a possibility that altering the geometry of the base feature 
could have unforeseen consequences for both the micro and macro architecture of the fiber 
network. 
8.3 Recommendations for Future Work 
 First and foremost, further study of circumferentially aligned fibers is necessary to fully 
discuss the feasibility of the proposed method for generating tissue engineered scaffolds with 
complex, aligned, and layered architecture. A more appropriate method for measuring 
circumferential fiber alignment should be explored, and a more robust method for collecting 
circumferentially aligned fibers should be considered. Second, a more appropriate base feature is 
required before this method can be considered a viable approach to building tissue engineering 
scaffolds. 
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APPENDIX A: ARDUINO CODE FOR STEPPER MOTOR 
/*  
Stepper Motor Control - one step at a time 
This program drives a unipolar or bipolar stepper motor. 
The motor is attached to digital pins 8 - 11 of the Arduino. 
The motor will step one step at a time. You can use this to 
test that you've got the four wires of your stepper wired to the correct 
pins. If wired correctly, all steps should be in the same direction. 
Use this also to count the number of steps per revolution of your motor, 
if you don't know it. Then plug that number into the oneRevolution 
example to see if you got it right. 
Created 30 Nov. 2009 
by Tom Igoe 
Modified 10 Feb. 2017 
By Ben Heney 
*/ 
#include <Stepper.h> 
const int stepsPerRevolution = 200;  // change this to fit the number of steps per revolution 
// for your motor 
// initialize the stepper library on pins 8 through 11: 
Stepper myStepper(stepsPerRevolution, 8, 9, 10, 11); 
int stepCount = 0;         // number of steps the motor has taken 
void setup() { 
// initialize the serial port: 
Serial.begin(9600); 
} 
void loop() { 
// step one step: 
myStepper.setSpeed(200); //This number is the rotational speed in RPM 
myStepper.step(1); 
} 
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APPENDIX B: ACRONYMS AND NOMENCLATURE  
 
Short Form Long Form 
3D Three-Dimensional 
MAT Meniscal Allograft Transplant 
ECM Extra Cellular Matrix 
ACL Anterior Cruciate Ligament 
PCL Posterior Cruciate Ligament 
CTGF Connective Tissue Growth Factor 
CO2 Carbon Dioxide 
RPM Rotations Per Minute 
SFM Surface Feet Per Minute 
m/s Meters Per Second 
PGA Poly(glycolic acid) 
PCL Polycaprolactone 
PLLA Poly(lactic acid) 
SF Silk Fibroin 
FDA Food And Drug Administration 
PVA Poly(vinyl alcohol) 
ISO International Standards Organization 
EtOH Ethanol 
UV Ultra Violet 
EtO Ethylene Oxide 
B. mori Bombyx mori 
FFT Fast Fourier Transform 
SEM Scanning Electron Microscopy 
DSC Differential Scanning Calorimetry 
TGA Thermogravimetric Analysis 
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APPENDIX C: CONDITIONS FOR TGA AND DSC STUDY 
 
TGA Conditions 
#IDENTITY: Solution 3b 
#INSTRUMENT: NETZSCH TG 209F1 Libra 
#DATE/TIME: 14.04.2017 12:18 
#SAMPLE MASS /mg: 8.8 
#TYPE OF CRUCIBLE: Al2O3 
#SAMPLE CRUCIBLE MASS /mg: 156.2 
#SEG. 1: 25ｰC/10.0(K/min)/400ｰC 
 
DSC Conditions 
#IDENTITY:                    Solution 2b 
#INSTRUMENT:                  NETZSCH DSC 214                     
#DATE/TIME:                   4/14/2017 12:23:33 PM (UTC-4)       
#SAMPLE MASS /mg:             7.5 
#TYPE OF CRUCIBLE:            Concavus Pan Al, pierced lid 
#SAMPLE CRUCIBLE MASS /mg:    51.5 
#REFERENCE CRUCIBLE MASS /mg: 51.8 
#M.RANGE /µV:                 5000 
#RANGE:                       25°C....200°C/-5.0....5.0K/min      
#SEGMENT:                     S1-4/4                              
#SEG. 1:                      25°C/5.0(K/min)/200°C               
#SEG. 2:                      200°C/5.0(K/min)/25°C               
#SEG. 3:                      25°C/5.0(K/min)/200°C               
#SEG. 4:                      200°C/5.0(K/min)/25°C               
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